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FOREWORD

This document {3 the Condensed Summary of the results of the Manned Space-
craft Systems Cost Model Study. The study, Contract NAS9-3954, was performed by
the Fort Worth Division of General Dynemics Corporation during the period
beginning April 1965 and ending June 1966. The technical performence of the
study has been under the supervision of the Office of Long Range Plaming,

Manned Spacecraft Center, National Aeronautics and Space Administration.

The complete results of the Cost Model Study are contained in the following

volunes:

VOLUME 1 - CONDENSED SUMMARY

VLUME 2 - SUMMARY

VOLUME 3 - TECHNICAL REPORT

VOLUMES 4, 5, & 6 - APPENDICES TO TECHNICAL REPORT
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1.0 INTRODUCTION

In undertaking the Manned Spacecraft Cost Model Study, the basic objeciive was
the development of & mathematical model programmed for the IBM 7094; the model was
to be designed to develop, on a timely basis, improved cost estimates of udvenced
manned spacecraft. In consonance with the study objective, tae Fort Worth
Division o{ General Dynamics .es developed a model with the following charac-
terlstics:

©  The model 1s capable of generating total costs attributable tc NASA's Manned
Spacecraft Center; the costs are dlvisible into research and development,
recurring, and facilities costs,

The model can be used to generate and to output costs in varying levels of
detail, ranging from tntal program costs down tc the cost of an individual
spacecraft subsystem,

O In addition to a vure costing capability, the model can provide other -Zata
which are required in the evaluction of MSC plans, including current and
future spacecraft funding requirements over time (annual and semiamiuel
increments), MSC rescurce requirements, and cost effectivencss measures,.

A detailed summary of the basic accomplishments of the Cost Model Study is

presented in Section 5. In Section 6, General Dynamics' recommendations for
futare study are delineated. It should be noted that this document is a condensed

summary of the study results. A companion document, the Technical Report, con-

tains a detailed technical discussion of the results of study,

Concurrent with the Cost Model Study, MSC established a supporting Cost
Analysis Study which wes conducted by another contractor. In this Cost Analysis
Study, cost date was collected and analyzed and subsequently used in developing
the cost estimating relationships for the Manned Spacecraft Cost Model. Conse-
quentiy, the initial resuits obtaine. from the operaticm of the Cost Modsl are
influencad by the data inputs from the Cost Analysis Study. The work performed

in the Cost Anslysis Study is described in the final reports on that atudy.



2.0 C0sST MODEL CHARACTERIST 11 Co

A cost model {8 essentially a systematic procedure which is used to predict
costs, The basir tasks undertaken in developing and operati ‘g a spacecraft avre
considered by the model in a logical and orderly manner, Cost model character-
istics are depicted in Figure 1, These basic tasks are further divided iwto sub-
tasks that are related to the characteristics of the spacecraft, the moudules of the
spacecraft, and the subsystems associated with the modules, The cost implicatrions
of various spacecraft technologies, such as batteries vs fuel cells, shotld b~

considered in the case of each subtask.

A properly constructed model can be used tc generate complete costs because it
provides an orderly and logical procedurr far considering all pertinent cost-
sensitive factors, Cost estim:i..a irom other sourcesz are often inadecuate, not

because the costs presented a2 inaccurate, but because e ccst is incomplete,

Figure 1



Cont model estimates are also consistent because, by the use of equations, a given
variuble ig always treated as an identical value, 1In addition, the methodology
assumes that a consistent ser of procedures will be applied to every crsting

problem,

Although the model :ould be used to generate - wsts by hand computations, a
quantum increase in computational speed can be obtaired by programming the model
for use with a computer. A rapid computationsi speed means that a very rapid
assessment can be made of the cost implications of potential variatiors in space-

craft design, schedule, and program considerations,



3.0 MANNETD SPACECRAFT

Co0Ss=” MOCDEL CONTZEPT

The Manned Spacecraft Cost Model provides the user with an analytcal tool
that combines numerous ccmplex costing techniques with the accuracy, speed, and
convenience of modern digital computers and programming techniques. These ana-
lytical elements have becn combined _nto a generalized model (refer to Figumw 2)
which is capable of successfully handling most problems encountered in costing
conceptual spacecratt, These computationzl capabilities have grown out of the
model concept depicted in the adjacent figure, The major elements of this concept
are the basic wodel structure, library, inputs, the outputs, and a Contingency

Planning Model,

= m—

" Bpacecssfr Cqsr Model-Lincept -

- 4




3.1 OUTPUTS

Mndal cutputs range all the way from total program cost down to the cost of
major development tasks for individual subsystems, Cost outputs are available by
subtsystem, module, and spacecraft for each program element within three main sub-
divisions: Research and Deveiopment, Recurring, and Facilities. These costs can

be obtained in either totals or spread over time to indicate funding requirements,

The model can be used to output a number cof items other than costs: hardware
purchased in the R&D and Recurring phases; MSC personnel requirements; and inputs

and estimating relstionships used in a given prublem,

All of the model outputs discussed above are optional features; any one option,
any chmbination of the options, or all options may be exercised at the discretion
of the analyst to fulfill the requirements of any given study, The exercising of
thegse options is accomplished by means of appropriate inputs and by use of *he

Printout Submodel which i3 located within the basic model structure.
3.2 BASIC MODEL STRUCTURE
3.2,1 Printout Submodel

The Printout Submodel allows the model user to choose the amount of informa-
tion to be printed on a given program, For cursory analyses, summary reportcs of
total R&D, Recurring, and Facilities costa at the spacecraft, module, and subaystem
level can be obtained, In the more detailed analysis, semi-annual costs for all
cost categories at all levels can be made available as a printcut. Numercus inter-
mediate levels of printout are available. The existence of the Printout Submodel
makes it possibie to retain all problem runs on magnetic tape for reuse and removes

the requirements for storage of prinfouts wh.ch are not actually necessary to the

immediate task.



3.2.2 Center Planning Submodel

Another submodel within the basic model structure, the Center Planning Sub-
model, also can operate off of magnetic output tape, In this submodel, inputs used
are the cost data generated by the Regearch and Development and Recurring Submodels.
The Ceanter Planning Submodel computes the center personnel requiremenis at MSC by
major center function (e.g., Program Cffice, Flight Crew Operation, R&D Personnel,
etc.); these personnel regquirements are expressed in terms of civil service

personnel and contractor support persomnel.
3.2.3 R&D Submodel

The Research and Developwent Submodel computes all costs associated with the
design and development of subsystems, modules, and spacecraft required to meet a
mission objective. Thege coats include not only design costs but also (1) costs
for sustaining engineering, tooling, ground and flight testing, recovery operations,

and manufacturing spares and (2) costs for hardware used prior tc a manned flight.
3.2.4 Recurring Submodel

The Recurring Submodel computes all hardware and spares requirements and

operating costs associated with the initiation and maintenance of manned missions.
3.2.5 Facilities Submodel

The Facilities Submodel computes the cost of all facilities bought during the
program under consideration, Included are any facilities required for the sub-
systems, wodules, and/or spacecraft in the R&D program as well as those facilitiesn
required during the operational phase; provisions are made, also, for additioms to

the Misgion Control Center,

All of the above-mentioned submodels are tied to additional subroutines which

have been designed to handle special costing prcblems such as those associated with
6



production learning curves, recovery and reuse, cost-inflating procedures, funding

computation, and cost effectiveness,

3.3 LIBRARY AND PROBLEM DATA

The Research ead Dev:2lopment, Recurring, and Facilities Submodels operate from
instruction and intormatior conteined in libraries end prcblem data. As z result
of the multipurpore applications of Cost Model, the number of instruciions and
information regquiriwcnts are wany and cCover & wide raage of data. In order to
facilitate the irputiing process &nd in order to minimize the time spent on the
inputting task, most of the required data for a problem has been incorporsted into
libraries. Library data have the virtue of being inoutted only once afrer which

they are stored and esvailable for all program runs.

Model libraries are subdivided into general, specific, and cost escimating
relationships. Genera’ data includes items such as funding parameters rlat are
generally unchanging from one spacecraft program to another, Specific library data
include design, performance, and mission parameters that are used to define specific
subgystems, modules, and spacecraft, Some of those parameters in turn are used by
the cost estimating relationships (CER's) library subdivision, The CER library
containse equations which are used to estimate the cost elements of given epacecraft;
these cost elements are expressed as functions of design, performance, and mission

parameters.

Some information cannot be conveniently kept in library form; these are
problem data that must be input each time a problem is run, Problem data include
such information as the iderntification of the spacecraft to be costed, cost inpute,
and computational options; these date are divided between required data (which
total less than 10 items per problem) and optional data (which number more than

75 items),.



[

3.4 CONTINGENCY F..ANNING MODEL

The Contingency Planning Model operates independently of the rest of the
Manned Spacecraft Cost Model. This experimental model,which was delivered to MSC
early in the contrect, is used o estimate changes in baseline cost when these
changes result from such contingencies as stretchouts, accelerations;, cost sraring,

&nd budgetary constraints,



4.9 MODEIL APPLICATIONS

A discussion of possible model applications is conteined in the following
secticn, Of ali the results of the study, those results of paramount interest
and importance are the potential applications of the model, It is believed that
these applications can best be illustrated by example problems. These problems
represent 8 vide range of spacecraft types and costing problems and were used to
validate the model logic, library data, and estimating relationships. These
representative problems, taken together, are not an exhaustive list of applications
but were selected to typify the problems that will be encountered most frequently,
Included are typical problems related to absolute cost analysis, cost sensitivity,

budget planning, and oths: special factors,

The costs presented herein should not necesserily be construed as the actual
or ultimate costs of the spacecraft programs or of the program component- used as
examples. The Manned Spacecraft Cost Model was designed to be sensitive to varia-
tions in design parameter:, misesion parameters, and program variables such as
quantities and timing. In the following sections, it will be shown that the ultimate
cost of a mission or spacecraft, cen vary markedly depending on the choice of
parameters and variables. Therefore, the costs presented herein can be considered
tc be accurate in light of the assumptions made concerning mission parameters and

progrum variables,
4,1 ABSOLUTE COSTS

The nodel will be used most frequently to obtain the absolute .. ts of a given
spacecraft configuration, thus allowing I’ASA to verify the reliability and com-
pleteness of est!mates obtained from external sources. The model aleo provides
a common or candard measure for evaluating costs of competing design concepts,

In addition to evaluating external estimates, the model complements NASA's internal



spacecraft design capabiliity by providing the means for producing a quick assessment
of the costs of a given design; this assessment can be made prior toc disclcsure of

the design outside NASA,

Exaaples of the type of absolute costs that can be obtained with the model are
presented in Figure 3, The costs and model inputs contained in the figure were
extracted from & model check problem in which a MORL-type o>f space station is used
as the example; an sxamination of the flgure will dieclose that the lergest single

component of these casts is subsystem-level R&D costs.

The composition of the space satation subsystem R&D costs are shown in Figure 4
which is, in actuality, a reproduction of a computer output sheet., The figure
illustrates the amount of data generated by the model. These include not oniy the
cost of each subsystem installed in this particular space station but also estimates
for the major subsystem develcpment tasks (such as design and development, test

articles, etc.),

10
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Figure 4

4.2 COST SENSITIVITY

By use of the model, it }c possible to assess the sensitivity of absolute costs
to variations in program coniiderations, The aodel was deliberately designed to be
sensitive to changes in design, schedule, quantities, development philosophy, and
technology. It is precisely these factore about which there {s the greatest uncer-
tainty at the start of a new spacecraft program and during the latter stages of
existing programs, The model structure, and its associated astimating relation-
ships, permit the identification of those factors which szre most cost sensitive and

which ailow reasonable boundes to be set upon spacecraft progrem cost,

The sensitivity of the model to design and performance considerations is
illustrated 1if the suhsystem level RAD costs for a Mars miseion module (in Pigure 5)
are compared with those costs previously presentad for the MORL, Total subsystem

level R&D for MORL is $1,137 Billion as compared with $4.468 Billion for Mars

11
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Figure 5

migsion module, This differential rasults from the differences in design which are
a product of the more stringent demands placed on the missicn wodule, The mission
module must provide support for eight men for 420 days under deep space conditions
without any possibility of resupply or cutside help. In contrast, the MORL supports
six men for 90 days with the possibiiity that the crew can safely abort any time

and return to earth in a matter of houre, The Mars Mission Module factors, tzken
together, result in more severe demands being made on structure, electrical power,
environmental control, and communications; these are the subsystems that show the

greatest cost increase over comparable elements in the MORL,

An example of tha sensitivity analyses attainable are portrayed in Figure €.
This figure is used to sumarize the rasults obtained from the mode. when the
number of operational space stations is varied, Incressing the number of stations

from one to three results in a $700 million increase in tctal cost. The chang?

12
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in total cost is attributable to (1) higher subsystem level costs, and {2) the

increasing spacecraft level cost which is due to greater mission control require-

ments.

4.3 MISSION ANALYSIS

Use of the model can greatly facilitate mission analysis. In this area, the

model may be used in the following possible applications:

1. Establishment of the costs of competing missions which &re equally

attractive on other grounds

2. Assessment of the economies which resul* from the use of the '"building

block apgroach" to the performance of a given mission

3. Evaluation of specified missi . modes.
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An example of the larter applicacvion is shown in Figure °. Presented in
Figure 7 are the rcsults of model estimates of the cost of one apprecach to perform-
ing a manned Mars mission: a Mars flyby which is followed by a Mars landing expedi-
tion, Figure 8 (a reproduction of output of the model) deplcts major pscecraft

elewents and their costs for the landing expedition,
4,4 CENTER PLANNING

The model alsu provides NASA wiith a center planning capability bv means of
which long range center personnel estimates can be cbtained in a fraction of the
time required by usual methods. Thus the model permite the rapid estimation of
changes in personnel requirements which have come about from changes in either
(1) the composition of spacecraft programs managed by MSC or (2) Center policy
or. beth of these factors, The output of the model 18 characterized as being fitted
to functional lines and as being in sufficient detail so that it can be matched

with the current MSC orginization, A sample of the output is shown in more

detail in Figure 9.

4.5 FUNDING APPLICATIONS

Through the use of the model, consideration can be given to the funding
impiications of & nmix of both current and future programs; thus the model prcvides
a tool for integrating long range technical planning with financial planning.
Although the model does not provide the detailed funding data required for program
conitrol purposes, it can provide information for use in answering questions that
are frequenrly asked of NASA program control offices. An example of this app.ica-
tion is shown in Figure 10. In this figure, modzl outputs of the annual expeindi-
tures for a Mars flyby mission have been imposed on Apollo program estimates. As
a result of relatively minor changes in inputs, other funding measures (such as new
obligational suthority or commitments) could be generated on an annusl or semi-

annual basie for the program aix shown in the example,

14
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5.0 SUMMARY OF MAJOR

STUPY ACCOMPLISHMENTS

The major accomplishments of the Cost Model Study are summarized below:

1.

A comprehensive set of cost categories and a corresponding model structure
were established. The structure and categories account for all significant
elements of spacecraft cost and are sufficiently generalized as to be appli-
cable to all types of spacecraft. Both recurring and nonrecurring costs

are accounted for, and it is possible to collect various levels of cost

aggregations from subsystem through programs.

A separate and independent model, which may be used to evaluate up tc eight

program contingencies, was programmed and delivered to MSC early in the study.

Cost estimating relationships were developed in terms of the following
advanced techaologies: nuclear power, nuclear propulsion, large liquid

propulsion, and advanced service module structures.

Procedures were incorporated which can be used to modify or manipulate basic
costs to reflect special costing si_uatioms, such as design changes, multi-

ple learning curves, and inflation.

Provisions were made to accommodate cost estimating relationships that
reflect different subsystem technologies and/or varying levels of input

availability,

Special subroutines were developed to account for situations unique to
spacecraft costing. These special provisions include a reusability sub-
routine that can be used to estimate the cost of reusing spacecraft; in the
subroutine, such factors as turnaround time, number of reuses, and proba-
bility of reuse are taken into consideration. Another subroutine is de-
signed to deal with the problem of computation and allocation of joint

17



10.

11,

12,

13.

costs associated with mission planning and control.

Growth potential has been provided in & manner such thet, without repro-
gramuing the model, the level of computation of costs may be changed, and

cost estimating relationships may be updated as new data becomes available.

Two unique submodels were developed: the Printout Submodel (in which
unusual flexibility in printcut options is offered) and a Center Planning

Submodel (i which MSC personmnel and funding requirements are generated).

An improved method of generating funding or spreading costs over vime was
developed; this method provides for funding at two different levels, is
completely generalized, and requires an absolute minimum in terms of amount

of inputs.

A multiple spacecraft costing capability was provided by means of which it
is possible to compute ound uisplay the costs of up to 16 different space-

craft in a single problem run,

A concept was developed which can be used to minimize re uired inputs for

a given problem run.

The model has been validated by a comprehensive series of check problems.
Model logic has been checked out by hand computaticn, subroutine machine
computation, and by integrated machine computation. In this latter step,
consideration was given to all costing situations that can reasonably be

expected to be encountered.

The model has been implemented, and it is operating in a routine manner

at the Manned Spacecraft Center,
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6.0 RECOMMENDA " ITONS FOR

FUTURE STU. Y

Five months of checkout have wverified that the cost model structure is sound.
However, preliminary irvestigations by General Dynam .cs indicate that additional
work on most of the model's estimatiug relationships seems warranted. While the
current relationships are the best available, additional effort could be profitably
spent on refining the relationships and the data from which they were developed.,

In particular the followiny steps should be taken: (1) continue analysis of the
division between subsy3tem variable and non variable cost, (2} further evaluate
medule and spacecraft level cost and in particular GSE cost, and (3) evaluate all

CER's with respect to advanced technologies.

While operation of the program is satisfactory, minor alterations to provide
additional gross cost spreading functions and to incorporate a print/plot submodel

would enhance use of the model.
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